In 2005, the American Thoracic Society marks its 100th year of existence. For over a third of this span, since 1967, clinicians and investigators have struggled with a common, often lethal condition originally termed the adult respiratory distress syndrome (ARDS) (1) .* While the syndrome almost certainly occurred in earlier times well before the advent of intensive care units, this date establishes its modern era. Subsequently, ARDS has more correctly come to indicate the acute respiratory distress syndrome because it occurs in children as well as in adults (2) . ARDS causes severe acute respiratory failure with dynamic impairment in oxygen and carbon dioxide transfer, with the need for high levels of supplementary oxygen and a high minute ventilation (3, 4) . Efforts to understand the pathophysiologic events underlying ARDS, a constellation that is now generally termed acute lung injury (ALI), have been substantial and remain a priority of the National Institutes of Health (5) . The expectation has been that basic, translational, and clinical studies will result in new strategies for management of ALI/ARDS based on clear definition of the cellular and molecular events requisite in lung injury and repair. While important discoveries have been made, the goal of fundamental characterization of ALI/ARDS in a way that results in highly effective prevention and treatment remains incomplete and elusive. One major advance in supportive care, a strategy of lung protective mechanical ventilation, has substantially reduced mortality in ALI/ARDS (6, 7) . This therapeutic intervention resulted from both experimental and clinical studies that evaluated the effect of different ventilation strategies on the course of ALI, and continues a theme initiated in the original description of ALI/ARDS in which positive end-expiratory pressure was introduced as a management modality (1) .
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Pulmonary Edema and the Early Events in ALI/ARDS
Congestion, atelectasis, and pulmonary edema were features of the original description of the syndrome (1). Within a decade, clinical and experimental studies established the concept that increased permeability pulmonary edema is the primary physiologic abnormality in the early stages of ALI/ARDS. Large animal models with measurements of hemodynamics and lung lymph flow demonstrated that clinically relevant causes of ARDS, including live bacteria, endotoxin, and microemboli, induced an increase in lung vascular permeability that causes protein-rich lung edema (8) (9) (10) ). An important clinical study reported protein concentrations in the undiluted edema fluid of mechanically ventilated patients with acute respiratory failure from severe pulmonary edema. In all subjects with features consistent with ARDS, the ratio of the protein concentration in the edema fluid compared with than the simultaneously measured plasma sample was Ͼ 0.75, whereas patients with cardiogenic, or high pressure, pulmonary edema had an edema fluid to plasma protein ratio Ͻ 0.75 (11) . More recent observations are consistent with this finding, showing a separation between patients with hydrostatic versus an increased permeability pulmonary edema ( Figure 1 ). Thus, increased permeability edema, interpreted as accumulation of protein-rich edema fluid into the alveoli, has become a hallmark of ALI/ARDS (12) (Figure 2 ). Subsequently many studies have been done to define mechanisms that account for the acute increase in lung vascular permeability (5) . Earlier experiments concentrated mostly on large animal models in which pulmonary and systemic hemodynamics could be measured, whereas more recent studies have used mouse models, largely to exploit the opportunity to use specific gene deletions to define molecular events that may be pivotal in the development of altered lung vascular permeability. Novel in vitro models have used cultured endothelial cells. The progress of these investigations is outlined later in this review. In parallel with early attempts to understand the mechanisms that lead to lung edema factors that compound the physiologic derangements were considered. One hypothesis was that ALI is associated with surfactant dysfunction, either because of reduced production or neutralization of surfactant by the plasma proteins and fibrin that extravasate into the alveoli (1) . A decrease in functional surfactant would contribute to alveolar instability and arterial hypoxemia, potentially increase lung edema formation (13) , and perhaps impair innate immune defenses (14) . Analysis of bronchoalveolar lavage Figure 1 . Increased permeability pulmonary edema is a hallmark of ALI/ ARDS. Edema fluid to plasma protein concentrations expressed as a ratio to determine whether the edema fluid is a transudate as in hydrostatic pulmonary edema (Ͻ 0.65) or an exudate (Ͼ 0.65) as in increased permeability pulmonary edema (ALI/ARDS). The pulmonary edema fluid samples were obtained from patients within the 15 min of endotracheal intubation for acute respiratory failure. These are representative data from previously published and ongoing studies by Matthay and coworkers, some of which are discussed in Ref. 18. samples indicates that the lipid and protein components of surface active material are altered in patients with ALI/ARDS (15) . Nevertheless, replacement of surfactant has not reduced mortality in large clinical trials in adults with ALI (16, 17) , perhaps because, unlike infant respiratory distress syndrome, the fundamental lesion in the acute respiratory distress syndrome is not lack of surfactant production by immature alveolar type II cells. In sharp contrast, surfactant replacement has substantially reduced mortality in infant respiratory distress syndrome in preterm infants.
The role of lung epithelial cell injury and dysfunction and the mechanisms that regulate removal of alveolar edema fluid, which were not recognized in early considerations of ALI/ARDS, emerged in experimental and clinical studies in the 1980s and '90s (18) (also see below). The concept of lung fluid balance incorporates both formation and removal and provides a more dynamic concept of the factors that contribute to the net quantity of edema in the lung in animals or humans with ALI ( Figure 2 ). Edema formation and accumulation in the interstitium and airspaces of the lung may be substantial because of a marked increase in lung vascular permeability, but if alveolar epithelial fluid reabsorption balances the formation of alveolar edema, then a steady state can be established that may allow time for recovery from the fundamental cause of lung injury. Perhaps this is why patients who maintain higher rates of alveolar epithelial fluid transport in the face of ALI have a better survival (19, 20) . In addition, although a primary event in ALI/ARDS is an increase in lung vascular permeability, it was apparent from experimental models (21) and clinical observations (22) that the magnitude of lung edema in ALI may be substantially increased when lung vascular pressures and volume are elevated, consistent with the effects of hydrostatic pressure on transvascular flux of fluid and protein.
More recently, a large NHLBI-sponsored clinical trial is now testing the hypothesis that measures to lower lung vascular pressures in patients with ALI/ARDS can improve clinical outcomes by reducing the quantity of extravasated protein-rich edema fluid in the lung, thus reducing the severity of respiratory failure and ultimately decreasing mortality.
In addition to these investigations, the intimate relationship between alveolar edema formation and inflammatory and thrombotic effector mechanisms gradually emerged in the decades after the clinical and physiologic presentations of ALI/ARDS were described. These concepts were integral to the clinical studies that demonstrated the variety of "triggering" disorders that can be associated with the development of ALI, resulting in injury to the alveolar barrier ( Figure 2 ).
More than Water: Inflammatory Mechanisms in ALI/ARDS
While it initially seemed clear that altered alveolar barrier function and pulmonary edema are central characteristics of ALI/ ARDS, mechanisms that could account for the increase in permeability of the alveolar-capillary membrane were poorly understood. Even in early years, however, some investigators believed that inflammation might be involved. One stimulus for this view was the presence of leukocytes together with alveolar edema, hemorrhage, and hyaline membranes in some autopsy specimens (1) (Figure 3 ). Although subsequent pathologic studies were hampered by heterogeneity in predisposing conditions underlying ALI/ARDS ( Figure 2 ) (12), the risk of lung biopsy in respiratory failure, and the timing and relative infrequency of autopsies, they still provided key information. One study reported purulent exudates in the alveoli of some patients, although the contributions of infection versus inflammatory injury were not dissected (23) . Seminal ultrastructural studies of the lung in patients dying with ALI secondary to sepsis then demonstrated increased numbers of intravascular and extravascular neutrophils (PMNs), platelets, and fibrin (24, 25) , and both endothelial and epithelial injury, findings that are still incorporated into modern concepts of inflammatory edema in ARDS (6, 12, 26) (Figure 3 ). Additional pivotal observations included the presence of PMNs and other leukocytes in bronchoalveolar lavage samples from subjects with ALI/ARDS (27) , studies of PMNdependent lung injury and edema in animal models (28) , and evidence in cell biologic and in vivo analyses that PMN oxidants and proteases can injure cells of the alveolar-capillary membrane (28, 29) . Subsequent observations are consistent with the concept that inflammation is a component of many, and perhaps all, causes of "direct" injury to the alveolar-capillary membrane as occurs with aspiration and many forms of infectious pneumonitis (12, 30, 31) (Figure 2) .
Studies of complement activation, specifically generation of C5a, and consequent activation of PMNs contributed a new facet to concepts of the pathogenesis of ALI/ARDS (32, 33) . Together with reports demonstrating endothelial injury by PMN proteases and oxidants, these observations provided a conceptual model in which generation of a circulating mediator (in this case, C5a) induces systemic activation of PMNs, resulting in aggregation and sequestration in pulmonary microvessels and consequent diffuse lung injury (33, 34) . This suggested a mechanism by which "indirect" alveolar-capillary membrane injury is caused, as in systemic sepsis and nonthoracic trauma (12) (Figures 2 and 3) . Leukocyte activation leading to intravascular sequestration, alone or involving interacting platelets, is consistent with findings in much more recent studies of the pathophysiology of ALI/ ARDS (4, 34) . These concepts of PMN activation and aggregation also contributed to early suggestions that glucocorticoids, inhibitors of PMN granular proteases, and antioxidants might be specific therapeutic agents (28, 33, 45 )-a potential that, although mechanistically based, has not subsequently been realized (12) .
Additional analyses of leukocytes in the blood and alveoli of subjects with ALI/ARDS (35) (36) (37) indicated that accumulation and activation of PMNs could not be completely explained by existing paradigms and known mediators such as C5a, and stimulated new investigators in the field to develop alternative models and hypotheses and to draw on previous and parallel investigations of inflammatory pathways in other systems. One outcome was identification of endothelial cell activation as a mechanism of leukocyte accumulation and signaling (38, 39) . Thus, key mediators might not be acting directly on the leukocytes but instead on the lung endothelium, resulting in accumulation of PMNs, inflammatory injury, and, potentially, accumulation of other leukocyte types in the injured lung (40) . A key concept in current pathobiology is that endothelial activation is central to inflammation in the lung and elsewhere (41) . Subsequent studies have examined mechanisms that regulate leukocyte-endothelial interactions in the pulmonary versus systemic circulations, where there are both differences and similarities (40) (41) (42) (43) . These issues have additional complexity because ALI/ARDS can involve both pulmonary and systemic vascular beds (5, 34) .
The concept of ALI mediated by PMNs and circulating or locally generated mediators (Figure 4 ) with origins outlined above, continues to be central to current concepts of the pathogenesis of ALI/ARDS and has been emphasized in reviews and symposia that span two decades (12, (44) (45) (46) (47) (48) (49) (50) (51) . Inflammation was identified as a key feature in the 1994 Consensus conference on ALI/ARDS (47) . The concept has also evolved in complexity and detail. C5a, which remains topical (52, 53) but is not a final common pathway to ALI/ARDS, is now complemented by chemokines, cytokines, and lipid signaling molecules (54) (55) (56) (57) (58) . PMNs are themselves sources of some of these factors (51) . In some cases, identification of individual inflammatory mediators in cell biologic and preclinical models has generated candidate therapeutic strategies that have been tested in clinical trials. Intracellular signaling pathways that link PMN surface receptors to activation responses, including kinases and the NF-B family of transcription factors, are implicated as potential points of intervention, and it is recognized that these pathways are modulated by surface integrins, selectins, and selectin ligands, which are adhesion molecules that also mediate tissue accumulation of leukocytes (40, 42, 49, 51) . PMN activities besides acute gener- ation of oxidants and release of proteases, such as signaling of endothelium (59), inflammatory gene expression (51) , and apoptosis (60) are believed to be relevant. There is evidence that injurious versus protective responses of PMNs may influence outcomes (61, 62) and that there are time-dependent changes in PMN number and phenotype in ALI/ARDS (62, 63) , although the significance of these findings remains incompletely explored.
It also seems unlikely that PMNs act alone in any of the phases of ALI/ARDS (Figure 4 ), although they may have particular roles at acute and subacute time points (62, 63) . Lung macrophages, circulating monocyte subpopulations, and other leukocyte subtypes have been suggested as key effector cells and have been considered in a preliminary fashion in both early and later studies (27, 45, 64, 65) , although little functional data exist. The roles of platelets, which were detected in the acutely injured lung in early studies (24, 25, 66) , and molecular and cellular links between the thrombotic and inflammatory systems remain topical issues (5, 34) . This is in part because of the potential therapeutic use of recombinant activated protein C (APC) in sepsis, a key triggering conditions for ALI/ARDS (5, 34, 67). APC interrupts both inflammatory and thrombotic events in experimental studies (68) (69) (70) . Platelets release IL-1␤, HMBG-1, and chemokines and also directly interact with PMNs and monocytes in addition to organizing fibrin clots; thus, they are active in innate immune cascades and may modify inflammatory injury in ALI/ARDS (34, 71) . In parallel, however, platelets also release sphingosine-1-phosphate, which promotes endothelial barrier function in experimental models (72) (73) (74) . This illustrates the well known fact that platelets have both defensive and reparative activities. Thus, it is not yet clear if their accumulation and activation in the lungs has a net positive or negative effect on the outcome of ALI/ARDS.
Animal and human studies demonstrate that mechanical factors and the pattern of ventilation induce or amplify alveolar inflammation and injury (12, 43, 75) and contribute to nonpulmonary organ injury (5, 12, 76, 77) . Thus, unfavorable ventilation strategies can compound the severity of ALI, adding an iatrogenic variable to classic triggers of injury (5, 6, 12) . Oxygen in high concentrations, which is vital in the support of patients with ALI/ARDS, can also be toxic to alveolar-capillary membrane cells of animals and humans and presents another mechanism of iatrogenic injury (44) , although one recent clinical trial found no decrease in mortality when a lower fraction of inspired oxygen was used in patients with higher levels of positive end-expiratory pressure (7) . In animal models, hyperoxia increases intrapulmonary retention of PMNs and induces dysregulation of other innate immune mechanisms (44, 78) . Inflammatory cytokines can worsen or, conversely, ameliorate oxygen injury in surrogate models (79) .
Resolution of Lung Injury
The natural history of ALI/ARDS has been progressively defined by clinical studies (12, 44, 47, 48) and follows a variable course. One outcome is resolution and repair ( Figure 5 ). The successful resolution of pulmonary edema and lung inflammation is an important determinant of recovery from acute lung injury. Early studies demonstrated that lung lymphatics and the pulmonary microcirculation remove edema fluid from the interstitium of the lung (8, 9) , and that fluid flow into the pleural space is an Figure 5 . The natural history of ALI/ARDS includes resolution and repair versus persistence and progression. Clinical and epidemiologic studies demonstrate that ALI/ARDS resolves with return of alveolar function to normal or near normal in some patients, whereas in others there is persistence and/or progression of injury. The outcomes of persistence and progression include multiple organ failure, fibrosing alveolitis, pulmonary vascular obliteration with pulmonary hypertension, and death. The genetic, cellular, molecular and iatrogenic factors that contribute to each of these outcomes remain largely unknown. In addition, rational mechanism-based strategies that favorably influence repair of the alveolar-capillary membrane are undefined. (Modified from Ref. 34.) additional major pathway for edema translocation (80) . A new mechanism was recognized in the 1980s when investigators demonstrated that removal of alveolar edema fluid depends on vectorial transport of salt and water across the alveolar epithelium in part through apically located epithelial sodium channels (ENaC), followed by extrusion into the lung interstitium via a basolaterally located Na-KATPase (18) (Figure 6 ). The transport of sodium creates a mini-osmotic gradient that absorbs water from the airspaces via water channels (aquaporins) and paracellular pathways (18) . Net alveolar fluid clearance can be upregulated by cAMP agonists in many species, including the human lung (81) . Recent evidence suggests that the cystic fibrosis chloride channel, CFTR, is required for effective cAMP stimulated fluid transport (82) . Both alveolar type II and type I cells may be capable of driving sodium transport and net alveolar fluid clearance (83) (84) (85) . The transport capacity of the alveolar epithelium is markedly diminished in ALI, a finding that correlates with higher mortality (19, 20) . The mechanisms for the decrease in alveolar fluid clearance include frank injury to alveolar epithelial Figure 6 . Cellular and molecular pathways regulate the resolution of alveolar edema formation and resolution in ALI/ARDS. Histologic section from patients with a lung biopsy in the setting of lung injury from bacterial pneumonia and sepsis with protein rich alveolar edema. The insert refers to ENaC, the epithelial sodium channel, which is a major pathway for the uptake of sodium on the apical surface of alveolar epithelial type I and II cells as well as distal airway epithelia. NaKATPase refers to the sodium pump located in the basolateral surface of alveolar and airway epithelia that actively pumps sodium into the interstitial space, thus creating a mini-osmotic gradient for the absorption of edema fluid from the alveolar. Both ENaC and NaKATPase can be upregulated by several catecholamine dependent and independent mechanisms. See Refs. 18 and 19 for more details. (Reprinted with permission from Ref. 18 .) cells and their apoptosis or necrosis, resulting in loss of barrier and transport properties as well as more subtle defects in ion transport capacity. Oxidant injury, reactive nitrogen species, hypoxia, and direct effects of bacterial and viral pathogens alter the transport machinery in the epithelial cells (18) , as do unfavorable ventilatory strategies (75, 86) .
More precise understanding of how the alveolar endothelium and epithelium interact, and their coordinate responses to inflammatory cells and cytokines, could clarify mechanisms by which lung endothelial injury leads to alveolar edema ( Figure 2 ) and how resolution of edema is modulated (Figures 5 and 6 ). Experimentally, alveolar endothelial injury from endotoxin can occur without accumulation of alveolar edema, apparently because epithelial injury is mild. In contrast, substitution of live pathogenic bacteria results in both endothelial and epithelial injury (87) . Since direct or indirect infection accounts for more than 60% of clinical cases of ALI in most studies (88), a better understanding of how the bacterial and viral products alter these and other aspects of alveolar-capillary function is critical. Furthermore, it is essential to determine how well the alveolar epithelium recovers from apoptotic or necrotic lung injury and the basic mechanisms that regulate this process of epithelial repair (5) .
It is also critical to understand more about how inflammatory cells and soluble and insoluble proteins are removed from the lung. Characterizations of molecular mechanisms that regulate macrophage-dependent removal of apoptotic leukocytes in inflammatory lung injury is in progress (89, 90) . Soluble protein appears to be primarily removed by a slow process of paracellular diffusion across the alveolar epithelium although transcytosis can contribute as well (91) . Removal of insoluble proteins and cellular debris and remodeling of hyaline membranes appears to be primarily driven by alveolar macrophages although details of how this process proceeds are sketchy at best.
One subset of patients with ALI/ARDS has severe lung injury that includes an extensive exudative process, profound endothelial and epithelial injury, and often fibrosing alveolitis (12, 24, 25) ( Figure 5 ). Although multiple organ failure and death are common outcomes in this group, remodeling of the injured lung can occur in some subjects with restoration of a functional alveolarcapillary barrier without major permanent pathologic or physiologic changes. The mechanisms that regulate this recovery process remain largely unknown and need precise definition (5) .
Four Decades of Discovery with Much Yet To Be Learned
In spite of elements of progress, much remains to be learned. This was apparent to an interdisciplinary group of investigators that met to discuss the state of the field and future research pri-orities in ALI/ARDS in 2002 (5, 12) . The issues are broad and the unknowns complex.
In all of the facets of the inflammatory and hemostatic responses in ALI/ARDS (Figures 2 and 4 (12, 35, 47) . Although some progress has been made, we are little closer than we were in 1967 to understanding how key inflammatory events that are defensive and reparative when they are regulated in lung infection and limited injury become damaging and destructive when they are unregulated in ALI/ARDS, and we have very little insight into what the molecular mechanisms of dysregulation actually are. In bacterial pneumonia, innate immune responses mediated by activated neutrophils, monocytes, and alveolar macrophages play requisite roles. In parallel, a local shift to a procoagulant and antifibrinolytic environment may serve to wall off infection and airspace injury, yet these same effectors and responses appear to be pivotal in the early events in ALI/ARDS (Figure 2 ) (5). The concept of a balance between pro-and anti-inflammatory and pro-and anti-edematous factors has current traction in the field, in part borrowed from other diseases and mechanisms of injury (5, (55) (56) (57) . Further, specific regulatory molecules may have essential activities that usually keep lung inflammation and edema in check (5, 35, 58) . Nevertheless, while the concepts are appealing, the defining mechanisms remain obscure and many of the molecular players have a Janus face. As an example, transforming growth factor-␤, a regulatory cytokine, has important activities that modulate inflammation and edema, but recent evidence suggests that it may also enhance endothelial and epithelial permeability and have a net deleterious effect in the acutely injured lung (89, (91) (92) (93) .
The drive to understand initiation of ALI, the acute inflammatory components of ALI/ARDS, and their resolution (Figure 2 ) has been accompanied by focused intent to define cellular and molecular events that contribute to progressive alveolar-capillary injury and dysregulated repair ( Figure 5 ), particularly in the last decade of molecular medicine (5, 12) . It is clear from clinical and epidemiologic studies that specific biologic features prevent the resolution of ALI in some subjects, resulting in persistence and progression to severe complications including multiple organ failure, fibrosing alveolitis, and alveolar endothelial and epithelial cell destruction (Figures 3 and 5) (24, 25, 94, 95) . Our understanding here is extremely limited. Further progress will likely require reductionist cell biologic experiments and models to establish molecular paradigms that can then be explored in animal models and, ultimately, in critically ill patients. In addition, genetic determinants of these responses and how they vary among individuals and interact with environmental influences are largely unexplored (5). Cellular, genomic, proteomic, and lipidomic patterns in the acutely injured lung and in lungs undergoing regulated repair versus dysregulated progression remain to be defined. Thus, the biologic basis required for clear understanding of the natural history of ALI/ARDS and for new strategies for intervention remains incompletely defined (5) .
Animal models exploring mechanisms of lung edema, roles of PMNs and other inflammatory effectors, repair mechanisms, and other features of ALI/ARDS have increasingly used mice because of the power of genetic manipulation (31, 42, 51, 52, 73, 74, 78, 79, 96, 97) . One recent example of this strategy proposed a novel role for angiotensin-converting enzyme 2 in protecting against experimental ALI (98) . If confirmed in additional preclinical studies, this treatment could be translated to clinical testing in patients with lung injury. Studies in rats, dogs, sheep, and other surrogates have been indispensable in characterizing mechanisms of increased permeability edema and developing the preclinical evidence for revised approaches to ventilating patients with ALI/ARDS (99-101). However, the relationships of preclinical animal models to the clinical syndromes of ALI/ ARDS are often uncertain for several reasons. Animal studies commonly do not model the usual medical and surgical risk factors for developing ALI/ARDS that occur in patients; animals are not ordinarily supported for days in an intensive care setting with nutrition, antibiotics, and other supportive care; and the time frame for developing lung injury is usually abbreviated in animal models (5) . In spite of these limitations, animal models still provide a critical method for exploring mechanisms and potential new therapies in a proof-of-principle fashion. Nevertheless, the value of early testing of new therapeutic strategies in human studies is increasingly appreciated by both the NHLBI and private industry.
The success of a lung protective ventilatory strategy in reducing mortality in ALI/ARDS (6, 7) is a good example of how clinical trials are needed to test novel hypotheses that derive initially from preclinical studies. The marked decrease in mortality with lung protective ventilation has evolved, as outlined earlier in this review, from animal studies that suggested that the standard approach of ventilating patients with ALI/ARDS with higher tidal volumes could amplify the severity of lung injury. Knowledge of the responses of individual cell types to mechanical and inflammatory stimuli provided insight into how this might occur at a molecular level (5) . Subsequently, the success of lung protective ventilatory strategies has stimulated new investigations into how mechanical stresses may adversely affect the lung. The mechanisms of benefit are still being worked out, but seem to involve a modest decrease in lung and systemic inflammation (102) and a reduction in the severity of alveolar epithelial injury (75, 103, 104) . The reduction in mortality with the reduction in tidal volume and plateau airway pressure has been accompanied by a decrease in nonpulmonary organ failure (6), thus clearly linking the severity of the lung injury to the systemic consequences of ALI/ARDS. ALI/ARDS threatens the lives and well being of ‫ف‬ 200,000 patients annually in the United States alone (105) . Important discoveries relevant to the pathogenesis have been made since the original description of ARDS in 1967, but what we do not know still exceeds what we do. Further progress will require all of the tools of modern integrative biology (5) and a continued infusion of new investigators to apply them. It is perhaps this last requirement that is most tenuous and uncertain, but the one with the greatest potential (106).
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